In die forging the conditions of strain and of the subsequent heat cycle have a significant influence on the structure and properties of the final product, that is why the determination and modelhng of gram size development during and after deformation is of primary interest. In this paper we present the simulation procedure and the methodology used to develop a model which can predict microstructural changes in alloy 706 during hot forming. High temperature compression test samples were used to develop a constitutive equation for the alloy 706 which was then applied via a finite element model to firstly simulate industrial forging process and tinally optimize it. Important parameters such as critical deformation to initiate recrystallization have been determined. The model was found to accurately predict the recrystallized gram size and the percentage of recrystallization on compression test samples as well as on industrial parts.
Introduction
High temperature nickel base alloy 706 is used for power generation applications requiring excellent mechanical properties at elevated temperatures. These properties, principally high strength and good low cycle fatigue resistance, necessitate the process being controlled accurately to obtain the necessary microstructures and to ensure similar mechanical properties for every forging. But the progress in high pressure turbine discs is measured not only in technical terms (mechanical properties, parts shape and size) but also in economical terms (input material, manufacturing cycles, press power). In this context, numerical simulation becomes an essential tool to improve product quality and process efficiency. The finite element method, used in Forge28 [l] , gives the strain and thermal parameters of each instant of the operation. Through the analysis of these results it is possible to determine the evolution of the microstructure in relatively simple cases, but for more complex ones, including re-heating and cooling sequences, it would appear that we need to control the prediction of the microstructure. It is also the only way to optimize a microstructure and thus the process.
The aim of this work is to present the simulation results obtained with a model which incorporates microstructural phenomena taking place during hot forging of alloy 706.
Material
The chemical composition of alloy 706 used in this investigation is given in Table I . The microstructure of alloy 706 is governed by the fee lattice of the y matrix associated with characteristic precipitates such as the aluminum rich fee y' phase. The presence of this precipitate is the essential strengthening mechanism in this alloy. y' will transform to a stable hexagonal n phase during elevated temperature exposure. The solvus temperature of the n phase in the present material is -954°C (1750°F). The main steps of the processing route of alloy 706, have been extensively describe elsewhere [2] , we will summarize here the essential elements. The alloy 706 is triple melted: the primary melting 'is a Vacuum Induction Melting (VIM), followed by an Electra Slag Remelting (ESR) , and a final Vacuum Arc Remelting (VAR).
An upsetting and drawing of the ingot is carried out well above the recrystallization temperature before the close die forging. Generating a uniform level of strain throughout the workpiece is key to producing a uniform microstructure . Grain size of ASTM O-l is obtained after billetizing (see figure 1 ).
&J ---Figure 1 : billet microstructure
By the use of the tinite element method the prediction of mechanical, thermal and structural conditions is possible but material data has first to be well known. Knowledge of both the thermomechanical behavior and thermophysical properties of the material as well as that of the kinetic tools is essential to give an accurate description of the deformation process.
The constitutive law
In the first phase, a rheological model of the material was defined through high temperature compression tests. Typical flow curves were obtained and analyzed. The constitutive law used is the Norton-Hoff model, expressed as follow :
with o the stress flow K(T)=& exp (Q/RT) the strength constant of the material, E the strain a,, the strain hardening regularization term 6 the strain rate n the strain hardening coefficient m the strain rate hardening coefficient
The temperature is not only studied within the range of the forging window but also until the ambient temperature, to simulate correctly the heat treatment.
Interfacial and thermophvsical properties of allov 706
Ring tests are performed to reach a compromise between friction reduction and thermal insulation but, above all to adapt good, effective Coulomb friction coefficient for the calculation. The knowledge of the influence of the friction coefficient on the deformation process permits the increase or the decrease of the minimum strain in the workpiece which is a very important parameter leading to the microstructure and to partial recrystallization. The thermal constants are also determined such as calorific capacity, thermal conductivity, emissivity, and global transfer coefficient : heat transfer coefficient between die and workpiece and exterior area interface. So losses by radiation and convection are taken into account as are conduction effects and adiabatic heating produced during deformation.
The kinetic tools
In a first approach it can be considered a constant velocity during the simulation, but in reality the press velocity decreases when a force limit and/or power limit is reached.
Thus for an accurate calculation, we are taking into account a driving velocity application simulating hydraulic press.
Microstructure evolutions
To take full advantage of controlled deformation processes it is necessary to understand the interactions of the forging parameters with the microstructure developed. Thus the effects on microstructure of strain, strain rate and temperature during forging and after heat treatment have been studied in details by Plisson [3] . The aim of his study was to find a semi empirical equation describing the microstructural evolution, essentially the grain size and the recrystallized fraction evolutions, of alloy 706. Recrystallization has been studied through compression tests : miniature cylinders of 80 mm in diameter and in length are tested in compression along their axial direction, in different conditions of strain rate and temperature, so that nominal strain varying between 0.1 and 1.2 is obtained (see figure 2 ). It appears from Plisson studies that in alloy 706 dynamic recystallization does not take place in that strain domain and that the evolution of microstructure is essentially governed by static recrystallization and grain growth phenomena. Concerning the static recrystallization, an Avrami-Sellars [4, 5, 6, 7] analysis allowed the establishment of the equation of the kinetic evolution which after discretization [S] , is directly usable by numerical simulation. The expression of the recrystallized fraction and of the grain size after static recrystallization are :
were X is the recrystallized fraction, t the time, to.5 the necessary time to have 50% of the structure recrystallized and k the Avrami exponent.
to.5 = a8ZbD,".exp Concerning the grain growth mechanism, the experimental results allow finding the parameters of the expression A"=G+B.exp with A the mean area of the grain at t, Ac, the mean area of the initial grain (in nur?), Qgg the activation energy for grain growth, B a constant.
The experimental study shows that the recrystallization is static and that the dynamic recrystallization is not significant in the industrial shaping process of alloy 706. Thus microstructure evolutions will be calculate separately from the thermomechanical calculation. The simulation starts by a mechanical calculation which gives strain, stress, strain rate and temperature, these last two being averaged on the calculation time. The temperature distribution at the end of the mechanical calculation initializes the thermal calculation which will follow.
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All these values are reentered at the beginning of the thermal calculation. For a given node, the material is divided in several microstructural elements, to take into accotmt the structure heterogeneity. If it is the first thermal calculation, the microstructural values such as grains size are initialized. If not, the program reads in a file the characteristics of each microstructural element (recrystallized fraction, mean grain size in the recrystallized and in the worked part of the disc). For each step of the thermal calculation, recrystallized fraction at each point increases. If the material does not reach the critical strain needed to recrystallize, the grain growth mechanism is applied to the worked grains. As soon as all the material is recrystallized the grain growth law is brought into action. Each mechanism is limited by a value experimentally determined: -no microstructural evolution starts until a minimum temperature Th is reached -recrystallization starts only if the critical strain (aJ is reached . The value of ac depends on the deformation temperature.
-the recrystallization is considered to be finished, when 95% of the structure is recrystallized and when the grain growth can take place. Then the recrystallized fraction appears to be 100%. The microstructure parameters are calculated assembling the information of the totality of the microstructure elements of each node. So the recrystallized lraction, the mean grain size, the standard deviation between grain size and the maximal grain size are estimated; these two last parameters permit the estimation of the heterogeneity of the microstructure.
To validate the calculation development, forging tests have been carried out on identical cylinders as those described before. Figure 3 presents one of these results. The predicted grain size differs from experimentation by only half a unit on the ASTM grade, while predicted recrystallized volume fraction differs from experimentation by5 %. Finally, the variety of the microstructure (deformed grains and recrystallized grains) is also accurately predicted : the center of the material has a slightly coarser grain size than that near the surf&e. This is a result of the non uniform deformation but also of the relative difference in heating rates between center and surface location. A good match exists between predicted and actual values, confirming the correspondence between the parameters and the analytical description of the evolution of the microstructure introduced in the ForgQ@ software. Given these positive results, the model was used for the industrial production of gas turbine discs. In the following, results of the improvement and of the optimization of a die forging process are presented. Figure  4 shows the scheme of the thermomechanical process studied and simulated. The dimensions of the billet are in the 0.7 to 0.9 m range concerning the diameter, with a length to diameter ratio of approximately two. The 65000 tonnes press at Interforge adequately meets requirements necessary to optimize both temperature/reduction rate parameters. At this step of the process it is important to know the strain distribution in the preform, as achieving uniform recrystallization is also dependent upon generating sufficient strain throughout the part. The first forging process consists of an upsetting followed by punching and then die forging. The simulation of this process shows a lack of strain just below the surface of the billet. Indeed, during the first heat, the work does not penetrate efficiently from surface to mid-length of the part. Thus, adequate strain is not achieved, which results in a partial recrystallization, with negative effect on the final properties of the product. To avoid the problem of die-lock area a punching operation was added. Figure 5 shows the strain, the recrystallized fraction and the average grain size contour map inside the preform resulting from an upsetting plus a re-heating (a) and from a punching followed by an upsetting plus r-e-heating (b), to reach the same thickness. The stored energy of deformation during the punching allows recrystallization to take place during thermomechanical processing, which follows : upsetting to thickness H followed by re-heating 1 at temperature T ("C) during a time t 1. , recrystallized fraction in percent (center) and average grain size in ASTM grades (bottom) predicted after (a) an upsetting to H f 11 o owed by a re-heating during a time tl (b) a punching plus an upsetting to H followed by a re-heating during a time tl (c) a punching plus an upsetting to H followed by a re-heating during a time tl'
The same operation, punching, is repeated on the other face of the part, before the final close die forging and a reheating (2) followed by air cooling. To avoid inverting the mesh in the simulation, the second punching is made on the bottom face. Thus on the final product contour maps, the real top face is at the bottom and vice et versa. The industrial production process, subdivided into forging a preform and finish close die forging, is simulated. Figure 6 shows the final microstructure obtained, which corresponds to that observed on the workpiece. The simulation gives, at each step of the process, similar grain size and morphology (deformed or recrystallized) to those obtained on the workpiece. Once again, these results demonstrate that the laws which govern the physical phenomena surrounding alloy 706 are well identified. Thus, by varying the re-heating time between two forging steps a&or the temperature of the heat treatment, the optimization of the forging procedure can be obtained through computer techniques of modelling. The present study also investigated an alternative production route, consisting of reducing the re-heating time between two forging steps. The same simulation was carried out with tl and t2 reduced. Below we will speaking about an actual production process (time tl and t2) and the optimized process (reduced time tl' and t2' ). The different strain, grain size and recrystallized fraction contour map for both process are summarized in figures 5 and 6. The microstructure obtained alter the re-heating 1, presents an average grain size of 4-5 and of 3-4 ASTM grade respectively for the actual process and the optimized one. A coarser grain 1 to 2 ASTM grades larger is observed in the center of the part because the strain and the temperature levels and thus the adiabatic heating leads to a rapid recrystallization followed by the grain growth. The Iiner structure predicted by the simulation for the optimized process is due to shorter time for grain growth before the subsequent forging step is applied. The recrystallized volume fraction remains unchanged. The microstructure predicted by simulation on the final product, still has the difference of 1 to 2 ASTM grades on the grain size, for the same fraction of recrystallized grains. The difference between the two processes of final average grain size has no significant influence on the mechanical properties, a good recrystallization is also achieved in both cases. So the reduction of the re-heating time leads to a reduction of cost and increase of press availability. Simulation allows to correctly adapt initial and finished shapes to ensure to have sufEcient strain in all of the disc and associated to the close-die forging procedure with a precise time and temperature sequence, it leads to a controlled microstructure and to the required mechanical properties.
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Conclusion
Using compression test samples, the microstructural evolutions and especially static recrystallization and grain growth of alloy 706 have been identified and introduced into 2D modelling software. The model has been validated and is now used for industrial process optimization. This study illustrates that now the finite element model is not only used to correctly predict the material flow occurring in the part but today numerical simulation has become an essential tool for process optimization and improvement of microstructure.
The knowledge of constitutive equations that involve microstructoral parameters and allow to predict microstructural evolution during forging are of first importance.
Of course the identification of the laws which governs the microstructure evolution is not easy especially when there is not only static recrystallization but also dynamic one, but it is the next step in pushing back the blacksmiths' boundaries and to decrease the cost and manufacturing cycles.
